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SUMMARY 
A sampled data model o f  a c o n t r o l  l o a d e r  system f o r  f l i g h t  s i m u l a t i o n  h a s  
The model a c c o u n t s  f o r  t h e  e f fec ts  been developed and s u c c e s s f u l l y  v a l i d a t e d .  
o f  the  c e n t r a l  d i g i t a l  s i m u l a t i o n  computer on t h e  r e s p o n s e  o f  t h e  a n a l o g  c o n t r o l  
l o a d e r  system and i n c l u d e s  t h e  s p r i n g - g r a d i e n t ,  bob-weight, and ' a c t u a t o r - l a g  
effects o f  t h e  a i rc raf t .  The r e v e l a t i o n  o f  a f r equency  e r r o r  i n t r o d u c e d  by t h e  
implementat ion o f  f o r c e  feedback th rough  t h e  d i g i t a l  computer t h a t  cou ld  
a d v e r s e l y  affect  p i l o t  performance i n  s i m u l a t e d  f l i g h t  has  l e d  t o  a proposed new 
implementat ion which w i l l  minimize t h e  impact o f  t h e  f r equency  problem. 
I N T R O D U C T I O N  
For s e v e r a l  y e a r s ,  t h e  Langley d i f f e r e n t i a l  maneuvering s i m u l a t o r  ( D M S )  has 
been used t o  p r o v i d e  a r e a l i s t i c  means of s i m u l a t i n g  two a i rc raf t  o p e r a t i n g  i n  a 
d i f f e r e n t i a l  mode. The system c o n s i s t s  o f  two i d e n t i c a l  f i xed -base  c o c k p i t s  and 
p r o j e c t i o n  sys t ems ,  each housed i n  a 12.2-m-diameter ( 4 0 - f t )  s p h e r i c a l  p ro j ec -  
t i o n  s c r e e n .  Each p r o j e c t i o n  system c o n s i s t s  o f  a sky-Earth p r o j e c t o r  and a sys- 
tem f o r  target-image g e n e r a t i o n  and p r o j e c t i o n .  The c o c k p i t s  are p rov ided  w i t h  
t y p i c a l  i n s t r u m e n t a t i o n ,  g - s u i t s ,  programmable b u f f e t  mechanisms, and program- 
mable c o n t r o l  f o r c e s .  The sys t em,  a s  shown i n  f i g u r e  1 ,  was des igned  t o  accom- 
modate s i m u l a t i o n  o f  a w i d e  r ange  o f  a i r c ra f t  performance.  (See  re f .  1 . )  
The programmable c o n t r o l  f o r c e s  are a small p a r t  o f  t h e  o v e r a l l  sys t em,  b u t  
p l a y  a large r o l e  i n  p r o v i d i n g  the  p i l o t  w i t h  k i n e s t h e t i c  c u e s .  Each c o c k p i t  i s  
equipped w i t h  programmable, h y d r a u l i c ,  c o n t r o l - l o a d i n g  s e r v o s  i n  a l l  three axes .  
The system can be programed for p r e s e t  n o n l i n e a r  s p r i n g  g r a d i e n t s ,  damping, f r ic -  
t i o n ,  b r e a k o u t ,  dead band, and e l ec t r i ca l  s t o p s .  Each a x i s  a l s o  h a s  i n p u t s  f o r  
computer-generated f o r c e s  which are a f u n c t i o n  o f  t h e  a i rcraf t  dynamic s i t u a -  
t i o n .  These f o r c e s ,  due t o  aerodynamic effects ,  bob weights ,  and so  f o r t h ,  are 
programed i n  t h e  c e n t r a l  d i g i t a l  computer ,  a l o n g  w i t h  t h e  two a i rc raf t  models,  I 
t h e  r e l a t i v e  geometry,  and t h e  p r o j e c t i o n  d r i v e  e q u a t i o n s .  
During con t inued  u s e  of t h e  sys t em,  i t  became , s t anda rd  p r a c t i c e  t o  a d j u s t  
t h e  hardware damping i n  t h e  p i t c h  ax i s  t o  w e l l  above t h e  v a l u e ' s p e c i f i e d  f o r  
c r i t i c a l  damping, whenever computer-generated s p r i n g  g r a d i e n t s  o r  bob-weight 
dynamics were employed. T h i s  p rocedure  was n e c e s s a r y  i n  o r d e r  t o  m a i n t a i n  a 
c r i t i c a l l y  damped system and ,  i n  some cases, t o  avo id  i n s t a b i l i t y .  I n  order t o  
unde r s t and  t h e  r e a s o n s  f o r  t h i s  i n c r e a s e  i n  r e q u i r e d  damping, a l i n e a r  a n a l y s i s  
u s i n g  sampled data t h e o r y  was carried o u t .  
The sampled data model de r ived  t o  s i m u l a t e  t h e  c losed- loop  c o n t r o l - l o a d i n g  
system inc luded  t h e  r e p r e s e n t a t i o n  o f  a l i n e a r  c o n t r o l - l o a d e r  s e r v o  w i t h  . d i g i t a l  
feedback o f  s p r i n g  g r a d i e n t  f o r c e s  and ,  i f  d e s i r e d ,  bob-weight f o r c e s .  A r e p r e -  
s e n t a t i v e  a c t u a t o r  l ag  f o r  t h e  e l e v a t o r  could  also be  inc luded .  The r e c u r s i v e  
equa t ion  s o l u t i o n  o f  t h i s  model was v a l i d a t e d  w i t h  a hybr id  s i m u l a t i o n  o f  a l i n -  
ear c o n t r o l - l o a d e r  s e r v o  w i t h  d i g i t a l  g r a d i e n t  f o r c e  feedback o n l y  and a l s o  w i t h  
t h e  DMS c o n t r o l  f o r c e  system as used i n  an  actual f l i g h t  s i m u l a t i o n ,  bo th  wi th-  
o u t  and w i t h  bob-weight effects.  
With t h e  s u c c e s s f u l  v a l i d a t i o n  o f  t h e  r e c u r s i v e  e q u a t i o n  s o l u t i o n ,  a t o o l  
was a v a i l a b l e  f o r  t h e  s e l e c t i o n  o f  t h e  hardware damping o f  t he  DMS t o  i n s u r e  a 
p r o p e r l y  damped system f o r  a range  o f  s p r i n g  g r a d i e n t s ,  bob we igh t s ,  and ac tua -  
t o r  l a g s .  More s i g n i f i c a n t l y ,  however, u se  o f  t h e  model r e v e a l e d  a r e d u c t i o n  i n  
t h e  n a t u r a l  f requency  o f  t h e  cont inuous  system be ing  s imula t ed  w i t h  t h e  DMS con- 
t r o l  f o r c e  system. The r e v e l a t i o n  o f  t h i s  f requency  e r r o r ,  i n t roduced  by t h e  
implementat ion of  f o r c e  feedback through t h e  d i g i t a l  computer ,  which could  
a d v e r s e l y  affect  p i l o t  performance i n  s imula t ed  f l i g h t ,  h a s ' l e d  t o  a proposed 
new implementat ion which w i l l  minimize t h e  impac t  o f  t h e  f requency  problem. 
SYMBCLS 
The measurements and c a l c u l a t i o n s  were made i n  U.S. Customary U n i t s .  Val- 
ues  are g iven  i n  both  t h e  I n t e r n a t i o n a l  System o f  U n i t s  (SI )  and i n  U . S .  Custo- 
mary Un i t s .  
m a t r i c e s  o f  sampled data model 
parameter o f  sampled data model,  m/N-sec ( f t / l b - s e c )  
parameter o f  sampled data  model, m/N ( f t / l b )  
parameters  of sampled data model, d imens ion le s s  
parameter  of  sampled data model, rad/m ( r a d / f t )  
DMS hardware damping s e t t i n g ,  N-sec/m ( l b - s e c / f t )  
so f tware  damping s e t t i n g ,  N-sec/m ( lb-sec/f t )  
damping s e t t i n g  f o r  6 0 .7 ,  sampled data model, N-sec/m ( lb-sec / f t )  
damping s e t t i n g  f o r  5 0 .7 ,  con t inuous  model, N-sec/m ( l b - s e c / f t )  
approximate ly  c o n s t a n t  p o r t i o n  o f  normal a c c e l e r a t i o n ,  g u n i t s  
g r a d i e n t  o f  normal a c c e l e r a t i o n  w i t h  r e s p e c t  t o  e l e v a t o r  d e f l e c t i n g ,  
g u n i t s / r a d  
normal-force c o e f f i c i e n t  
% 
s l o p e  o f  normal-force c u r v e ,  aCz/aa, p e r  r a d i a n  CZa 
- 
C mean aerodynamic c h o r d ,  m ( f t )  
8T t r a n s p o s e  o f  d 
d,c,Fs,z,G,;*,G* 
+ - + +  v e c t o r s  of sampled data model 
k i n e s t h e t i c  feedback f o r c e ,  N ( l b )  
s t i c k  f o r c e ,  N ( l b )  
p o r t i o n  of normal a c c e l e r a t i o n ,  g u n i t s  
a c c e l e r a t i o n  due t o  g r a v i t y ,  m/sec2 ( f t / sec2)  
s p r i n g  g r a d i e n t ,  N / m  ( l b / f t )  
bob-weight g r a d i e n t ,  N/g ( l b / g )  
e f f e c t i v e  bob-weight g r a d i e n t ,  N/rad ( l b / r a d )  
e l e v a t o r  g e a r i n g  g a i n ,  rad/m ( r a d / f t )  
c o n t r o l  l o a d e r  s t i c k  mass, kg (slugs) 
mass o f  s i m u l a t e d  a i r p l a n e ,  kg ( s l u g s )  
index o f  sample p e r i o d s  
normal a c c e l e r a t i o n ,  g u n i t s  
p o r t i o n  o f  normal a c c e l e r a t i o n ,  g u n i t s  
p o r t i o n  o f  normal a c c e l e r a t i o n  d i r e c t l y  dependent  on e l e v a t o r  pos i -  
t i o n ,  g u n i t s  
p i t c h i n g  a n g u l a r  v e l o c i t y ,  rad/sec 
v a r i a b l e  o f  i n t e g r a t i o n  
wing area, m2 ( f t2> 
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s t i c k  p o s i t i o n ,  m ( f t )  
s t i c k  p o s i t i o n  as a n a l o g  o u t p u t ,  m ( f t )  
s t i c k  p o s i t i o n  as d i g i t a l  o u t p u t ,  m ( f t )  
sample data o p e r a t o r  d e n o t i n g  a one i t e r a t i o n  d e l a y  
a n g l e  o f  a t tack,  rad 
t r i m  a n g l e  o f  a t t a c k ,  rad 
e l e v a t o r  d e f l e c t i o n  a n g l e ,  rad 
h y d r a u l i c  s e r v o  e l e v a t o r  d e f l e c t i o n  command, r a d  
e l e v a t o r  d e f l e c t i o n  a n g l e  a t  t r i m ,  r a d  
n o n l i n e a r  g e a r i n g  e l e v a t o r  d e f l e c t i o n  command, rad 
p i t c h  a n g l e ,  rad 
damping f a c t o r  
mass d e n s i t y  o f  a i r ,  kg/m3 ( s l u g s / f t 3 )  
a c t u a t o r  l ag ,  sec 
n a t u r a l  f r equency  o f  con t inuous  sys t em,  rad/sec 
damped n a t u r a l  f r equency ,  rad/sec 
undamped n a t u r a l  f r equency ,  rad/sec 
Abbrev ia t ions :  
ADC a n a l o g - t o - d i g i t a l  c o n v e r t e r  
DAC d i g i t a l - t o - a n a l o g  c o n v e r t e r  
DMS d i f f e r e n t i a l  maneuvering s i m u l a t o r  
ZOH ze ro -o rde r  hold 
A d o t  o v e r  a v a r i a b l e  i n d i c a t e s  t h e  time d e r i v a t i v e  o f  t h e  v a r i a b l e .  
Arrows over  symbols i n d i c a t e  v e c t o r s .  
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CONTROL-LOADING SYSTEMS 
The a i rc raf t  c o n t r o l  system c o n v e r t s  s t i c k ,  whee l ,  and p e d a l  motions i n t o  
c o n t r o l - s u r f a c e  d e f l e c t i o n s  and p r o v i d e s  f o r c e  feedback c u e s  t o  t h e  p i l o t  which 
assist him i n  e v a l u a t i n g  t h e  a i r c ra f t ' s  dynamic state. I n  d i rec t  c o n t r o l  o r  
power-boosted sys t ems ,  t h e  r e a c t i o n  f o r c e s  are a direct  p e r c e n t a g e  o f  t h e  ae ro -  
dynamic f o r c e s  on t h e  c o n t r o l  s u r f a c e s .  I n  t h e  ful l -powered systems used i n  
modern high-performance a i r c ra f t ,  no d i rec t  aerodynamic feedback is  provided t o  
t h e  p i l o t .  Consequent ly ,  ful l -powered c o n t r o l  sys t ems  employ v a r i o u s  "ar t i f i -  
c i a l  feel" d e v i c e s  f o r  p rope r  f o r c e  feedback.  These rlfeelll d e v i c e s  t y p i c a l l y  
p r o v i d e  r e a c t i o n  f o r c e s  t o  t h e  p i l o t  as f u n c t i o n s  o f  such  t h i n g s  as a i rc raf t  
v e l o c i t y  and a c c e l e r a t i o n  (bob w e i g h t s ) ,  s t i c k  and c o n t r o l - s u r f a c e  d i sp lacemen t  
( s p r i n g s )  and ra te  (dampers ) ,  and dynamic p r e s s u r e  on t h e  c o n t r o l  s u r f a c e s  
( bellows 1 . 
These r e a c t i o n  f o r c e s ,  b o t h  d i rec t  and a r t i f i c i a l ,  p l a y  a n  i m p o r t a n t  r o l e  
i n  t h e  c o n t r o l  o f  a n  a i r c ra f t ;  consequen t ly ,  a great deal o f  e f f o r t  has  gone 
i n t o  a c c u r a t e l y  l o a d i n g  t h e  c o n t r o l s  i n  f l i g h t  s i m u l a t o r s  o f  t h e  a i r c ra f t .  
Although mechan iza t ions  o f  c o n t r o l  l o a d e r s  v a r y ,  t h e y  are t y p i c a l l y  analog-  
d r i v e n  h y d r a u l i c  s e r v o s .  Fo r  any f o r c e s  dependent  on t h e  a i r c r a f t ' s  dynamic 
s t a t e ,  t h e  c o n t r o l  l o a d e r  must i n t e r f a c e  w i t h  t h e  c e n t r a l  computer where t h e  a i r -  
c ra f t  e q u a t i o n s  o f  motion are so lved .  I n  most modern s i m u l a t o r s ,  most o f  t h e  
computat ions are done on d i g i t a l  computers.  
The effects  o f  d i scre te  computing on t h e  r e s p o n s e  o f  t h e  c o n t r o l  l o a d e r  are 
dependent on t h e  amount o f  lag i n t r o d u c e d ' b y  t h e  sampled data p r o p e r t i e s  o f  t h e  
c losed - loop  system. F i g u r e  2 i l l u s t r a t e s  t h e  s i g n i f i c a n t  c o n t r o l  l o o p s  f o r  
p i l o t - a i r f r a m e  c o u p l i n g  d u r i n g  p i t c h  c o n t r o l  i n  a high-performance a i r c ra f t .  
F i g u r e  3 i l l u s t r a t e s  t h e  system used i n  t h e  DMS t o  s i m u l a t e  these c o n t r o l  l o o p s .  
I n  o r d e r  t o  c a r r y  o u t  t h e  a n a l y s i s  o f  t h e  c losed - loop  system, a l i n e a r  model o f  
t h e  system was developed by u s i n g  t h e  s ta te  v a r i a b l e  format .  
SAMPLED DATA MODEL 
The sampled d a t a  model i n c o r p o r a t e s  r e p r e s e n t a t i o n s  o f  t h e  c o n t r o l - l o a d e r  
s e r v o ,  bob-weight dynamics, a:id a s e r v o  a c t u a t o r  o f  t h e  e l e v a t o r .  The n o n l i n e a r  
c o n t r o l - l o a d e r  s e r v o  system can  be approximated w i t h  a l i n e a r  second-order  sys-  
tem as f o l l o w s :  
S t i c k  f o r c e  Fs = mx + bx + KX + Kb(nZ - 1 )  
I n  t h e  DMS, t h e  damping parameter b is  t y p i c a l l y  a hardware c o n s t a n t  s e t t i n g ,  
whereas t h e  s p r i n g  g r a d i e n t  f o r c e s  Kx and bob-weight effects  KbnZ are sup- 
p l i e d  by t h e  c e n t r a l  d i g i t a l  computer.  Modeling o f  a l i n e a r  g r a d i e n t  t o  i n c l u d e  
the  sampled data e f fec ts  p r e s e n t s  f e w  problems,  a l t h o u g h  t h e  modeling o f  b.ob- 
weight effects  r e q u i r e s  some approx ima t ions .  T y p i c a l l y ,  t h e  normal a c c e l e r a t i o n  
is determined i n  t h e  d i g i t a l  computer by a n  e q u a t i o n  similar t o  t h e  fo l lowing :  
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For the purposes  of t h i s  a n a l y s i s ,  t h e  normal a c c e l e r a t i o n  can be broken 
i n t o  two p o r t i o n s  as 
and t h e  assumption must be made t h a t  t h e  major high-frequency v a r i a t i o n s  i n  
d u r i n g  p i t c h  c o n t r o l  are due t o  t h e  C 6, term. Thus,  under  t h i s  a s sumpt ion ,  
' 6  e 
and by assuming s l o w l y  v a r y i n g  aerodynamic p r e s s u r e  and mass, 
nz 
nz = C1 + C26, 
where C1 and C2 are c o n s t a n t s .  With these as sumpt ions ,  bob-weight e f fec ts  
now can be i n c l u d e d  i n  t h e  sampled data model. Models are a l s o  i n c l u d e d  i n  
f l i g h t  s i m u l a t o r s  of t h e  s e r v o  a c t u a t o r s  o f  t h e  e l e v a t o r s .  A f i r s t - o r d e r  l ag  
model i s  t y p i c a l ;  t h u s ,  
*e(S) K2/T - -  - 
x ( s )  s + 1 
T 
The e q u a t i o n s  t o  be p l aced  i n  s ta te  v a r i a b l e  fo rma t  f o r  i n c l u s i o n  i n  t h e  
sampled data model are t h e n  
S i n c e  t h e  system w i l l  begin o p e r a t i o n  i n  e q u i l i b r i u m  c o n d i t i o n s  
( X = X =  ie = Fs = o ) ,  
d i t i o n s  Of x and 6,. To s i m p l i f y  t h e  model f u r t h e r ,  t h e  i n i t i a l  c o n d i t i o n s  
are chosen t o  be z e r o ,  and K i s  d e f i n e d  t o  be K b C 2 .  The e f fec ts  o f  these 
assumptions on t h e  v a l i d i t y  o? t he  model w i t h  bob w e i g h t s  a r e  d i s c u s s e d  i n  a 
l a te r  s e c t i o n .  
K ~ C ~  - K b  ac ts  as a t r i m  c o n d i t i o n  on t h e  i n i t i a l  con- 
F i g u r e  4 p r e s e n t s  t h e  sampled data model i n  b lock  diagram form w i t h  t h e  
e q u a t i o n s  i n  s t a t e  v a r i a b l e  fo rma t .  The one i t e r a t i o n  d e l a y  between t h e  i n p u t s .  
and o u t p u t s  of t h e  c e n t r a l  d i g i t a l  computer is i n c l u d e d  i n  t h e  model ( t h e  
term), as  are t h e  a n a l o g - t o - d i g i t a l  ( A D C )  and d i g i t a l - t o - a n a l o g  ( D A C )  conver- 
ters. The p r o v i s i o n  f o r  a d d i t i o n a l  damping c o n t r o l  w i t h i n  t h e  d i g i t a l  computer 
was a l s o  made. 
RECURSIVE EQUATION SOLUTION 
The s o l u t i o n  o f  t h e  sampled data model f o r  a synchron ized  s t e p  i n p u t  i n  
s t i c k  f o r c e  may be o b t a i n e d  from s ta te  v a r i a b l e  methods by  assuming t h e  s t e p  
i n p u t  is  from a sample hold dev ice .  The s ta te  t r a n s i t i o n  s o l u t i o n ,  w i t h  zero- 
o r d e r  hold ( re f .  2 1 ,  i s  
6 
m m 
The e l e v a t o r  a c t u a t o r  s o l u t i o n ,  w i thou t  z e r o  o r d e r  hold ( r e f .  21, is  
- b/m l l  
"1 bl 
B = C  
1 (m/b) (1 - e- bT /m 
1 " 1  /m + Fs = 11 
L J 
I n  t h e  model, 
f*  = z'IHS 
and 
+ ?* = d6, 
S u b s t i t u t i o n  of these e q u a t i o n s  fo r  ;* and ?* i n t o  t h e  s ta te  t r a n s i t i o n  solu- 
t i o n  y i e l d s  
i [ ( n  + 1)TI  = eAT s ( n T )  + JT eA(T-S)B c s ( S  + nT) dS -J e A(T-S)BH % [ ( n  - 1)TI  dS 
0 0 
m 
where 
p / b  - (m/b2)(1 - e' bT /m) iT eA(T-S)B Ss(S + nT) dS 
( l / b )  (1 - 
7 
I 
The s o l u t i o n  t h e n  becomes 
x [ ( n  + 1)Tl = x(nT) + mal $(nT) + a2{1 - Kx[(n - 1)TI  - bl x [ ( n  - 1)Tl  
- K~ 6 e ( n T ) )  
i [ ( n  + 1 ) T l  = a3 i ( n T )  + a l { l  - Kx[(n - 1 ) T l  - b, i [ ( n  - 1 ) T l  - K 1  6 e ( n T ) )  
6e(nT) = a4 s e [ ( n  - 1)T]  + a5 x [ ( n  - 1)TI 
where 
V A L I D A T I O N  
The r e c u r s i v e  e q u a t i o n  s o l u t i o n  was v a l i d a t e d  i n  a s tep-by-s tep  manner, 
beginning  wi th  t h e  model w i thou t  bob-weight effects  and t h e n  proceeding  t o  t h e  
i n c l u s i o n  of  bob-weight effects.  
8 
I . . . .. ._ .- . . . -_ ._ . .- __ - . - .. ... . . . .. .- _. . ..... . . 
Without Bob Weights 
Two d i f f e r e n t  i n p u t  cases were examined f o r  t h e  model w i t h o u t  bob weights.  
The first case was t h a t  of a s t e p  i n p u t  i n  s t i c k  f o r c e  t h a t  was synchronized 
w i t h  t h e  sampling e l emen t s .  The method o f  v a l i d a t i o n  u t i l i z e d  a n  a n a l o g  compu- 
t e r  t o  p r o v i d e  a c o n t i n u o u s ,  l i n e a r ,  second-order  model o f  t h e  c o n t r o l - l o a d e r  
s e r v o .  
s e t u p  o f  f i g u r e  5. I n  order t o  synchron ize  t h e  s t e p  i n p u t  w i t h  t h e  sampling ele- 
ments ,  t h e  s t e p  i n p u t  was g e n e r a t e d  on t h e  d i g i t a l  computer. 
Fo rce  feedback was provided by a d i g i t a l  computer  as shown i n  t h e  h y b r i d  
Tab le  I p r e s e n t s  a comparison o f  t h e  f irst  ove r shoo t  r e s u l t s  from t h e  
hybr id  s o l u t i o n  w i t h  t h o s e  o f  t h e  r e c u r s i v e  s o l u t i o n  f o r  t h e  f irst  case, and 
a l s o  wi th  t h e  o v e r s h o o t s  t h a t  would be o b t a i n e d  from a n  a l l - a n a l o g  implementa- 
t i o n  ( t h e  c o n t i n u o u s  model) f o r  v a r i o u s  damping s e t t i n g s  and sampling p e r i o d s .  
It should be mentioned that  t h e  ove r shoo t  v a l u e s  from the  r e c u r s i v e  e q u a t i o n  
s o l u t i o n  are expec ted  t o  be low because o f  t h e  u n l i k e l i h o o d  o f  t h e  peak over- 
shoo t  o c c u r r i n g  a t  a sampling i n s t a n t .  
The second i n p u t  case examined was t h a t  o f  a s t e p  i n p u t  t h a t  was asynchro- 
nous t o  t h e  sampling e l emen t s ;  t h i s  case is  more r e p r e s e n t a t i v e  o f  t h e  a c t u a l  
hardware r e a l i z a t i o n ,  t h e  p i l o t  i n p u t  b e i n g  asynchronous t o  t h e  d i g i t a l  compu- 
ter .  The hybr id  s o l u t i o n s  were o b t a i n e d  by implementing the  s t e p  i n p u t  on t h e  
a n a l o g  computer. The d i f f e r e n c e  between t h e  two cases i s  i l l u s t r a t e d  i n  f ig- 
u r e  6. I n  t h e  first case, t h e  s t e p  i n p u t  on t h e  d i g i t a l  computer h a s  no effect  
on t h e  p o s i t i o n  o u t p u t  o f  t h e  d i g i t a l  computer u n t i l  2T seconds l a t e r .  I n  t h e  
second case, w i t h  t h e  s t e p  implemented on t h e  a n a l o g  computer,  t h e  d e l a y  between 
t h e  s t e p  i n p u t  and t h e  o u t p u t  o f  t h e  feedback r e s p o n s e  from t h e  d i g i t a l  computer 
v a r i e s  between T and 2T seconds,  g i v i n g  on t h e  a v e r a g e ,  a 3T/2 d e l a y .  
The r e c u r s i v e  e q u a t i o n  s o l u t i o n  was d e r i v e d  f o r  case I ,  t h e  s t e p  i n p u t  i n  
s t i c k  f o r c e  b e i n g  synchron ized  w i t h  t h e  szimpling e l emen t s  o f  t h e  d i g i t a l  compu- 
ter .  
by i n i t i a l i z i n g  t h e  p o s i t i o n  and v e l o c i t y  terms o f  t h e  c o n t r o l  l o a d e r  s e r v o  
model c o r r e c t l y .  
However, t h e  s o l u t i o n  can  be used t o  a l s o  s o l v e  t h e  case I1 problem simply 
Tab le  I1 p r e s e n t s  t h e  similar ove r shoo t  r e s u l t s  f o r  t h i s  second case from 
t h e  c o n t i n u o u s  model, t h e  h y b r i d  model, and t h e  r e c u r s i v e  model, and a l s o  from 
a DMS a p p l i c a t i o n  u t i l i z i n g  t h e  n o n l i n e a r  c o n t r o l - l o a d e r  hardware and t h e  simu- 
l a t i o n  computer w i t h o u t  bob-weight effects .  The v a r i o u s  time d e l a y s  between 
ana log  s t e p  i n p u t  and d i g i t a l  feedback o u t p u t  o c c u r r i n g  w i t h  each model are a l s o  
p r e s e n t e d .  The d e l a y  f o r  t h e  r e c u r s i v e  model w a s  set a t  3T/2 ( b y  i n i t i a l  con- 
d i t i o n s  on x and XI, whereas t h e  d e l a y s  w i t h  t h e  hydr id  model and t h e  n o n l i n -  
ear hardware v a r i e d  between T and 2T, depending upon t h e  time o f  a p p l i c a t i o n  
of  t h e  i n p u t .  
Bob-Weight Effects 
I n  t h e  d e r i v a t i o n  o f  t he  r e c u r s i v e  e q u a t i o n  s o l u t i o n  w i t h  hob-weight 
effects ,  t h e  normal a c c e l e r a t i o n  was broken i n t o  two p a r t s  
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and t h e  a s sumpt ions  were made t h a t  
on t h e  c o n t r o l  s t i ck  and t h a t  o n l y  
t r o l  s t i c k .  The v a l i d i t y  o f  t h e s e  
ac t s  as a low-frequency t r i m  c o n d i t i o n  
c o n t r i b u t e s  t o  t h e  dynamics o f  t h e  con- 
"z, 1 
n z,2 assumpt ions  i s  demonstrated i n  t h e  data o f  
figure 7 ,  f o r  t h e  case o f  a n  a n a l o g  s t e p  i n p u t  t o  t h e  s t i c k - f o r c e  command o f  t h e  
c o n t r o l - l o a d e r  hardware f o r  a DMS s i m u l a t i o n  o f  a n  F5-E a i r c ra f t .  I n  f ig -  
we 7 ( a ) ,  t h e  t o t a l  normal a c c e l e r a t i o n  c o n t r i b u t e s  t h r o u g h  t h e  bob-weight gra- 
d i e n t  t o  t he  s t i c k  f o r c e ,  whereas i n  f i g u r e  7 ( b ) ,  o n l y  n . c o n t r i b u t e s  t o  t h e  
s t i c k  f o r c e .  272 
V a l i d a t i o n  of  t h e  r e c u r s i v e  e q u a t i o n  s o l u t i o n  w i t h  bob-weight effects  was 
ob ta ined  from t h e  F5-E s i m u l a t i o n  w i t h  t h e  
f o r c e  e q u a t i o n ,  as i n  f i g u r e  7 ( b ) ,  i n  o r d e r  t o ' a l l o w  t h e  measurement of p o s i t i o n  
ove r shoo t .  The r e s u l t i n g  comparisons are p r e s e n t e d  i n  t a b l e  I11 f o r  two damping 
s e t t i n g s  and two v a l u e s  of  bob weight.  F i g u r e  8 p r e s e n t s  t h e  r e c u r s i v e  e q u a t i o n  
s o l u t i o n s  f o r  one damping s e t t i n g  i n  time h i s t o r y  form. 
nz term e l i m i n a t e d  from t h e  s t i c k -  
A c t u a t o r  Lag Effects 
S imula t ion  of  bob-weight effects  r e q u i r e s  t h e  i n c l u s i o n  o f  a c t u a t o r  l ags  i n  
t h e  model, i f  any s i g n i f i c a n t  lags are p r e s e n t  i n  t h e  a i rcraf t .  However, s i n c e  
t h e  a c t u a t o r  lags  are t y p i c a l l y  i n t r o d u c e d  as s i m p l e  f i r s t - o r d e r  lags i n  t h e  s i m -  
u l a t i o n  model, no a d d i t i o n a l  v a l i d a t i o n  was t h o u g h t  n e c e s s a r y  f o r  t h e  i n c l u s i o n  
of t h i s  l a g  i n  t h e  r e c u r s i v e  e q u a t i o n  model. F i g u r e  9 demons t r a t e s  t h e  ,effects  
of a c t u a t o r  lags of v a r i o u s  magnitudes on t h e  s t e p  r e s p o n s e  o f  t h e  c o n t r o l  s t i c k  
u t i l i z i n g  t h e  r e c u r s i v e  s o l u t i o n  model. T h i s  a d d i t i o n a l  lag has  v e r y  l i t t l e  
effect  on t h e  f irst  ove r shoo t  v a l u e s  and has a great e f fec t  on t h e  time neces- 
s a r y  t o  reach t h e  e q u i l i b r i u m  s ta te .  The e f fec t  i s  similar t o  t h e  t r i m  effect  
d e s c r i b e d  p r e v i o u s l y  f o r  t h e  n z , l  term o f  t h e  normal a c c e l e r a t i o n .  
FREQUENCY ERROR 
With t he  s u c c e s s f u l  v a l i d a t i o n  o f  t h e  r e c u r s i v e  e q u a t i o n  model, a t o o l  was 
a v a i l a b l e  f o r  t h e  s e l e c t i o n  o f  t h e  hardware damping o f  t h e  DMS t o  i n s u r e  a prop- 
e r l y  damped system f o r  a r a n g e  o f  s p r i n g  g r a d i e n t s ,  bob weights ,  and a c t u a t o r  
l a g s .  I n  o r d e r  t o  f a c i l i t a t e  t h e  s e l e c t i o n  p r o c e s s  o f  damping s e t t i n g s  f o r  
f u t u r e  s i m u l a t i o n s ,  f i g u r e  10 was c o n s t r u c t e d  i n  terms o f  t h e  nondimensional 
abscissa wcT/27i. The undamped n a t u r a l  f re  uency o f  t h e  c o n t r o l  l o o p  i n  t h e  
con t inuous  domain i s  wC [ ( K  + K1K2)/m]I/'. The damping pa rame te r  v a l u e  f o r  a 
0.7 damped con t inuous  system 1s bc,0.7,  and t h e  damping pa rame te r  v a l u e  ' f o r  
t h e  0.7 damped sampled data system is By t h e  u s e  of f i g u r e  10 ,  t h e  
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i n c r e a s e  i n  t h e  hardware damping s e t t i n g  r e q u i r e d  t o  m a i n t a i n  a 0.7 damped system 
w i t h  t h e  DMS implementat ion is  r e a d i l y  o b t a i n e d  from knowledge o f  t he  con t inuous  
system and t h e  sample p e r i o d .  
. With t h e  i n t r o d u c t i o n  o f  t h e  undamped n a t u r a l  f r equency  term i n  t h e  nondi- 
mensional abscissa o f  f i g u r e  I O ,  a t t e n t i o n  was drawn t o  t h e  estimates of damped 
n a t u r a l  f r equency  t h a t  cou ld  be o b t a i n e d  from t h e  s t e p  r e s p o n s e s  of t h e  sampled 
data models f o r  f u r t h e r  v a l i d a t i o n .  Again,  e x c e l l e n t  agreement o f  these es t i -  
mates was found between t h e  hybr id  model,  t h e  r e c u r s i v e  e q u a t i o n  model, and the  
n o n l i n e a r  hardware.  However, when t h e  undamped n a t u r a l  f r equency  was c a l c u l a t e d  
from t h e  estimates o f  damped n a t u r a l  f r equency  wn = w / i n ,  t h e  v a l u e s  were 
found t o  be c o n s p i c u o u s l y  l e s s  t h a n  t h e  con t inuous  system v a l u e s .  
i n  t he  F5-E s i m u l a t i o n ,  a damped n a t u r a l  f r equency  of wn = 23.49 rad/sec was 
estimated, rather t h a n  t h e  con t inuous  system f r equency  w = 40.99 rad/sec. 
Figure 11 p r e s e n t s  these r e s u l t s  as  t h e  r a t i o  o f  t h e  sampyed data n a t u r a l  fre- 
quency and the  c o n t i n u o u s  n a t u r a l  f r equency  p l o t t e d  a g a i n s t  t h e  nondimensional  
abscissa w T / 2 r .  
t i n u o u s  sysfem w i t h  t h e  DMS implementat ion i s  p o s s i b l e  o n l y  f o r  small v a l u e s  o f  
For example,  
As may be s e e n  from t h i s  f i g u r e ,  v a l i d  s i m u l a t i o n  o f  t h e  con- 
The p o s s i b l e  impact o f  t h i s  f r equency  error on p i l o t  performance i s  i l l u s -  
t ra ted i n  f i g u r e  12 i n  terms o f  a d d i t i o n a l  phase  l ag  i n t r o d u c e d  by t h e  DMS imple- 
mentat ion a t  1 Hz, t h e  h e u r i s t i c  p i l o t  o p e r a t i n g  f r equency .  S i n c e  t h e  phase 
margins o f  h i g h  performance a i r c ra f t  are on t h e  o r d e r  of  40°, c o n s i d e r a b l e  
effect  on p i l o t  performance i s  p o s s i b l e  w i t h  t h e  DMS imp lemen ta t ion .  
The effect  o f  t h e  f r equency  e r r o r  on magnitude,  o r  t h e  g r a d i e n t  f o r c e ,  i s  
p resen ted  i n  f i g u r e  I3  as  g r a d i e n t  f o r c e  e r r o r  a t  1 Hz. It should be no ted  t h a t  
s ta t ic  f o r c e s  w i t h  t h e  DMS implementat ion are c o r r e c t ,  bu t  dynamica l ly  t h e  p i l o t  
would be f l y i n g  a h e a v i e r  s t i c k ,  s i n c e  more f o r c e  would have t o  be  a p p l i e d  t o  
move t h e  s t i c k  t h e  same amount o f  t r a v e l  t han  i n  t h e  con t inuous  case. 
A PROPOSED IMPLEMENTATION 
The r e v e l a t i o n  o f  t h e  f r equency  e r r o r  i n  t h e  DMS implementat ion l e d  t o  a 
proposed new implementat ion t h a t  would avo id  t h e  problems o f  t h e  o l d  implementa- 
t i o n .  The s o l u t i o n  i s  t h e  i n c l u s i o n  of two a n a l o g  m u l t i p l i e r s  i n  t h e  feedback 
loops  o f  t h e  c o n t i n u o u s  hardware sys t em,  as shown i n  f i g u r e  14. I n  t h i s  imple-  
men ta t ion ,  t h e  s p r i n g  g r a d i e n t  K rather t h a n  t h e  s p r i n g  g r a d i e n t  f o r c e  Kx is 
s u p p l i e d  t o  t he  c o n t r o l  l o a d e r ,  and t h e  m u l t i p l i c a t i o n  o f  K and x is  Carried 
out  i n  t he  c o n t i n u o u s  domain ra ther  t h a n  w i t h i n  t h e  d i g i t a l  s i m u l a t i o n .  The bob- 
KbnZ 
weight f o r c e  KbnZ i s  r e s o l v e d  i n  t h e  d i g i t a l  computer i n t o  a g r a d i e n t  - 
which is t h e n  added t o  t h e  s p r i n g  g r a d i e n t  b e f o r e  o u t p u t  t o  t he  s t i f f n e s s  m u l t i -  
p l i e r .  System damping i s  a l s o  provided by t h e  d i g i t a l  computer as 
X 
b = 25 , which i s  t h e n  o u t p u t  t o  t h e  damping m u l t i p l i e r  O f  t h e  c o n t i n u -  
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ous c o n t r o l  l o a d e r  system. S ince  t h e  m u l t i p l i c a t i o n s  are carried o u t  i n  t h e  con- 
t i n u o u s  domain (no  l a g s  i n  x and 21, t h e  l a g s  i n  t h e  g r a d i e n t s  and damping 
due t o  t h e  d i g i t a l  computer do n o t  affect  t h e  system f requency  and damping 
a d v e r s e l y .  
CONCLUDING REMARKS 
The r e v e l a t i o n  o f  t h e  f requency  e r r o r  i n t r o d u c e d  by t h e  DMS implementat ion 
of  t h e  c o n t r o l  l o a d e r ,  and t h e  p o s s i b l e  e f f e c t  o f  t h i s  e r r o r  on p i l o t  p e r f o r -  
mance i n  s imula ted  f l i g h t  h a s  l e d  t o  a proposed new implementa t ion  o f  t h e  con- 
t r o l  l o a d e r  hardware.  U n t i l  m o d i f i c a t i o n  o f  t h e  hardware, a means o f  s e l e c t i o n  
o f  hardware damping t o  i n s u r e  a p r o p e r l y  damped sys tem,  bu t  w i t h  reduced n a t u r a l  
f requency ,  f o r  a range  o f  s p r i n g  g r a d i e n t s ,  bob we igh t s ,  and a c t u a t o r  l a g s  i s  
a v a i l a b l e .  A d d i t i o n a l l y ,  v a l u a b l e  i n s i g h t  has been ga ined  i n t o  t he  problems 
a s s o c i a t e d  w i t h  t h e  i n t r o d u c t i o n  o f  a d i g i t a l  computer i n t o  t h e  feedback o f  an 
ana log  system. These problems for a second-order  system are man i fe s t ed  i n  a 
r e d u c t i o n  i n  both damping and f requency  i n  comparison wi th  an a l l - a n a l o g  ( c o n t i n -  
uous 1 s o l u t i o n .  
Langley Research Center  
N a t i o n a l  Aeronau t i c s  and Space Admin i s t r a t ion  
Hampton, VA 23665 
November 26 ,  1976 
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I 
b 
N-sec/m l b - s e c / f t  
TABLE 1.- D I G I T A L  STEP INPUT OVERSyOOT RESPONSES 
~~ 
Cont inuous  Hybrid Recursive 
model model model 
7.03 
8.20 
9.38 
10.55 
11.72 
12.89 
14.06 
59.835 
68.445 
85.520 
102.595 
119.669 
136.890 
153.965 
171.040 
188.114 
205.189 
~. . 
102.595 
119.669 
136.890 
153.965 
171.040 
188.114 
205.189 
~ 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
4.1 
4.69 
5.86 
7.03 
8.20 
9.38 
10.55 
11.72 
12.89 
14.06 
1.07 
1.02 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
U n s t a b l e  
1.95 
1.64 
1.45 
1.33 
1.22 
1.13 
1.08 
1.04 
1.02 
U n s t a b l e  
1 .go 
1.63 
1.44 
1.29 
1.19 
I .  12 
1.07 
1.01 
1.03 
T 1/16 second 
U n s t a b l e  
1.99 
1.82 
1.68 
1.55 
1.45 
1.35 
U n s t a b l e  
1.99 
1.81 
1.65 
1.52 
1.41 
1.33 
I 
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TABLE 11.- ANALOG STEP INPUT OVERSHOOT RESPONSES 
~ . 
b 1 Continuous I Hybrid model I Recurs ive  model I Non l inea r  ! I model 1 
N-sec/m l b - s e d f t  Overshoot  Delay,  Overshoot  
msec 
- _ _ _  - 
59.835 
68.445 
85.520 
102.595 
119.669 
136.890 
153.965 
171.040 
188. 114 
205.189 
4.1 
4.69 
5.86 
7.03 
. 8.20 
9.38 
10.55 
11.72 
12.89 
14.06 
1.07 
1.02 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
-. 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
T =  
55 
48 
45 
50 
60 
38 
33 
45 
53 
45 
- .  
T =  
. .. 
115 
92 
67 
72 
I10 
120 
78 
1/32 second 
LJns t a b l e  
1.95 
1.67 
1 .48  
1-33  
1.22 
1.14 
1 . o g  
1.05 
1.03 
1/16 second 
.- 
46.875 
46.875 
46.875 
46.875 
46.875 
46.875 
46.875 
46.875 
46.875 
46.875 
Unstab le  
1.95 
1.85 
1.68 
1.53 
1 .44  
1.36 
93.75 
93.75 
93.75 
93.75 
93.75 
93.75 
93.75 
- 
LJns table  
1.92 
1.61 
1.42 
1.30 
1.19 
1.12 
I .07 
1.03 
1.01 
-- 
Unstable  
1 .go 
1.69 
1.59 
1.49 
1.41 
1.33 
hard ware 
msec 
45 
60 
60 
45 
60 
50 
40 
42 
45 
50 
93 
95 
115 
90 
100 
75 
82 
1 .go 
1.84 
1.66 
1.47 
1.36 
1.25 
1.16 
1.08 
1.03 
1.01 
Unstab le  
1.99 
1.86 
1.68 
1.56 
1.45 
1.34 
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TABLE 111.- BOB-WEIGHT OVERSHOOT RESULTS 
Model 
R e c u r s i v e  
Hard ware 
R e c u r s i v e  
Hardware 
R e c u r s i v e  
Hardware 
R e c u r s i v e  
Hardware 
R e c u r s i v e  
Hardware 
R e c u r s i v e  
Hardware 
Damping p a r a m e t e r ,  b 
N - s e d m  
85.52 
85.52 
85.52 
85.52 
85.52 
85.52 
171.04 
171.04 
171.04 
171.04 
171.04 
171.04 
l b - s e c / f t  
5.86 
5.86 
5.86 
5.86 
5.86 
5.86 
11.72 
11.72 
11.72 
11.72 
11.72 
11.72 
Kb 
0 
0 
22.24 
22.24 
44.48 
44.48 
0 
0 
22.24 
22.24 
44.48 
44.48 
l b / g  
0 
0 
5 
5 
10 
10 
0 
0 
5 
5 
10 
10 
Over s h o o t  
1.64 
1.66 
1.67 
1.70 
1.71 
1.76 
1.07 
1.08 
1 .og 
1.10 
1.11 
1.13 
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F i g u r e  1 . -  Langley d i f f e r e n t i a l  maneuvering s i m u l a t o r .  
16 
nZ 
8 
I PITCH 
I DYNAMICS 
PILOT'S I 
PITCH ATTITUDE I 
ST I MULU S - - I 1 I 
- - . 
I 
I 
I I 
ni l  nTIc  I Z I I n 
'I 
= S E R V O ~ A  I RFRAME- 
I 
I FEEL SYSTEM I -INTERNAL TO PILOT---- I 
Figure 2.- Significant control loops for pilot-airframe coupling during pitch control. 
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LINEAR AND 
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- 
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D I S PLACEMENT 
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CENTRAL D I G I TAL 
COMPUTER 
NORMA L-A C C E LE RA T I ON 
PITCH DYNAMICS 1 DYNAMICS BOB-WE I GHT DYNAMICS 
EFFECTS DAC'S 
Figure  3.- D i f f e r e n t i a l  maneuvering s i m u l a t o r  (DMS) p i t c h  c o n t r o l  loop.  
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F i g u r e  4.- Sampled d a t a  model. 
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F i g u r e  5.- Hybrid s e t u p  of l i n e a r  p i t c h  c o n t r o l  l oop .  
-20 
I 
Ana log 
step 
X 
analog 
digi ta l  X 
Digi ta l  
step 
digi ta l  X 
-T 
CASE I I  
/ 
CASE I  + ? r  
2Y 2T 3T 1 
Time, sec 
F i g u r e  6.- Timing sequences .  
21 
Input 
(normalized) 0 
X 
(g units) 
-1oL 
-1 O T  w 
0 Time, sec 1 
(a) F, = mx + bx + KX + Kb(nZ,1 + nZ,2 - 1 ) .  
Figure 7.- Bob-weight effects from F5-E simulation. 
22 
Input 
(normalized) 0 
-1 
X 
10 r 
(g units’ -1 0 “L 
(g units) 
-10 L 
1- 
0 Time, sec 1 
(b) F, = mx + bX + KX + KbnZ,2. 
F i g u r e  7.- Concluded.  
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I 
1.2 
1.0 
x (normalized) 
- 44.5 N / g  (10 Ib /g )  bob weight (Overshoot = 1.11) 
22.2 N/ g (5 Ib /g )  bob weight (Overshoot = 1.09) ,.-- No bob weight (Overshoot = 1.07) 
- 
I 
0 *05 Time, sec 1 
F i g u r e  8.- Bob-weight effects from sampled d a t a  model. b = 171.04 N-sec/m (11 .72  l b - s e c / f t ) ;  
m = 1.042 kg (1 /14  slugs); K = 1751.26 N / m  (120 l b / f t ) ;  
(5 .5  l b / r a d ) ,  48.930 N/rad (11 l b / r a d ) ;  and 
T = 1/32 sec; K1 0, 24.465 N/rad 
K2 = 0.3048 rad/m ( 1  r a d / f t ) .  
x (normalized) 
1.1 
1.1 
( 
A 
-r= 0.2 
- 
1.4 
~ T Z  0.8 
- r = O  
\ K b =  0 
‘I, sec 
0 
0 
.1 
.2 
.4 
.8 
Kb’ N/g  ( Ib /g)  Overshoot 
0 (0) 1.19 
44.48 (10) 1.24 
44.48 (10) 1.2 77 
44.48 (10) 1.288 
44.48 (10) 1.295 
44.48 (10) 1.305 
I I 
1.0 1.5 
_ _ -  I 
.5 Time, sec 
Figure  9.- Actuator  lag e f f e c t s  from sampled data model. b = 136.89 N-sec/m 
(9.38 lb-sec l f t ) ;  m = 1.042 kg (1114 slugs); K = 1751.26 N / m  (120 l b / f t ) ;  
T = 1/32 sec; K1 = 48.93 N/rad (11  l b / r a d ) ;  and 
K2 = 0.3048 rad/m (1  rad/ft) . 
K b  = 44.48 N/g ( I O  l b / g ) ;  
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7 
6 
5 
4 
b I b  0.7 c.0.7 
3 
2 
1 
0 .1 .2 .3 .4 .5 
5020 10 5 2 
Samples I Continuous cycle 
F i g u r e  10.- R a t i o  of  sampled d a t a  damping s e t t i n g  t o  con t inuous  system 
damping s e t t i n g  f o r  5 = 0.7 .  
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1.0 
.8 
.6 
.4 
.2 
0 .1 .3 .4 .5 
5020 10 5 
Samples / Continuous cycle 
2 
Figure 11.- Rat io  o f  sampled data n a t u r a l  frequency t o  continuous system 
n a t u r a l  frequency. 
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- K = 41.16 newtonsImeter (2.82 Iblft) 
/ K = 875.63 newtons /meter 
(60 Iblft) 
.26 newtons 
(120 Ibl f t )  
/ meier 
d- F-5E simulat ion 
(T = 1/32 s e d  Y - '  
0 .1 .2 3 .4 ~ .5 
13 TU;  I 
5020 10 5 2 
Samples / Continuous cycle 
F i g u r e  12.- A d d i t i o n a l  phase lag a t  1 Hz for t h r e e  s p r i n g  g r a d i e n t  
v a l u e s  ( 5  = 0 . 7 ) .  
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L 
0 
7 
7 I I = o  
I I I 
.1 2 3 .4 .5 
I I  I I C  I 
w T / Z n  
50 20 10 5 2 
Samples / Continuous cycle 
F i g u r e  13.- Dynamic g r a d i e n t  f o r c e  e r r o r  a t  1 Hz for three s p r i n g  
g r a d i e n t  v a l u e s  ( 6  = 0 .7 ) .  
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